Worldwide interest in the recent eclipse of epsilon Aurigae resulted in the generation of several extensive data sets, including high resolution spectroscopic monitoring. This lead to the discovery, among other things, of the existence of a mass transfer stream, seen notably during third contact. We explored spectroscopic facets of the mass transfer stream during third contact, using high resolution spectra obtained with the ARCES and TripleSpec instruments at Apache Point Observatory. One hundred and sixteen epochs of data were obtained between 2009 and 2012, and equivalent widths and line velocities measured for high versus low eccentricity accretion disk lines. These datasets also enable greater detail to be measured of the mid-eclipse enhancement of the He I 10830Å line, and the discovery of the P Cygni shape of the Pa-β line at third contact. We found evidence of higher speed material, associated with the mass transfer stream, persisting between third and fourth eclipse contacts. We visualized the disk and stream interaction using SHAPE software, and used CLOUDY software to estimate that the source of the enhanced He I 10830A absorption arises from a region with n H = 10 11 cm −3 and temperature of 20,000 K, consistent with a mid-B type central star. Van Rensbergen binary star evolutionary models are somewhat consistent with the current binary parameters for their case of a 9 plus 8 solar mass initial binary, evolving into a 2.3 and 14.11 solar mass end product after 35 Myr. With these results, it is possible to make predictions which suggest that continued monitoring prior to the next eclipse (2036) will help resolve standing questions about the mass and age of this binary.
INTRODUCTION
The exceptional binary star, epsilon Aurigae, exhibits two year-long eclipses every 27.1 years. The eclipse of the F supergiant primary star is now understood to be caused by an opaque disk hiding a companion star (see Stencel (2012) and references therein). An international effort to monitor all aspects of the 2009-2011 eclipse resulted in substantial E-mail: justus.gibson@du.edu archives of new data, including those involving high resolution spectroscopic monitoring, e.g. Strassmeier et al. (2014) and others. Here we report on sampling of the high resolution spectroscopic archive generated during 2009-2011 eclipse, by the ARCES instrument at Apache Point Observatory (Wang et al. 2003) . As discussed by Strassmeier et al. (2014) , selected spectral lines exhibit eclipse or non-eclipse behaviors, and show differential velocity effects. Our purpose is to confirm and extend their findings, in light of continuing developments about the nature of this enigmatic binary star and disk system. The epsilon Aurigae system is a member of the zeta Aurigae family of long period eclipsing binary stars that feature an evolved supergiant star plus a B dwarf star companion. That group of stars is part of the still larger group called Algol stars, wherein a higher luminosity, evolved but less massive primary star is eclipsed by a more massive main sequence companion star, indicating that mass transfer has occurred.
Among the developments resulting from study of the 2009-2011 eclipse of epsilon Aurigae was recognition of third contact phenomena, interpreted as a mass transfer stream impacting the disk (Griffin & Stencel 2013) . Third contact occurred during spring 2011, circa RJD 55,620 (RJD = Reduced Julian Date, Table 1 and Stencel (2012) . Evidence for this stream was seen in low excitation Fe I lines and, curiously, lines of rare earth elements, blueshifted up to 45 km/sec. Corroborating observations of spectral line radial velocity curves near third contact, showing similar effects, were reported by Kambe et al. (2013) and Sadakane et al. (2013) . Strassmeier et al. (2014) presumably would have detected similar spectral features if their robotic STELLA spectrometer had not been off-line during those portions of the eclipse. Among the significant findings from STELLA (Strassmeier et al. 2014) were the differences among socalled high and low eccentricity lines during disk transit -a point we shall return to later in this paper. ARCES observers maintained a steady cadence through all of the eclipse phases and thus provide a more detailed picture of third contact phenomena. For completeness, we note that the well-studied K I 7699 and the saturated Na I D lines (Leadbeater et al. 2012) do not show evidence for specifically third contact phenomena of the type described here.
In this paper we will discuss the new spectroscopic observations, followed by SHAPE and CLOUDY models for the system (Sections 2 and 3) and then provide an evolutionary context (Section 4) and Conclusions in Section 5.
OBSERVATIONS WITH APO ARCES AND TRIPLESPEC INSTRUMENTS
The ARCES instrument is an echelle spectrograph commissioned in 1999 for use with the ARC (Astrophysical Research Consortium) 3.5m telescope located at the Apache Point Observatory 1 . ARCES main optics consist of an offaxis parabolidal collimator, an echelle grating, two crossdispersing prisms, and an f/2.7 Schmidt camera with achromatic correctors. Since its commissioning, ARCES has been primarily used for observations of stellar abundances and as a tool for surveying diffuse interstellar bands (DIBs). Important features of this instrument include: a resolution of 33,000 (9 km/s) with the 1.6 inch slit, a spectral range of 3200A-10000A, an S/N ≥ 3000, and remote operability. In addition, the efficiency of the entire telescope plus spectrograph system has been determined to be greater than 2.2% at 647nm and the spectrograph has been estimated to have an efficiency between 8% and 2% at 630nm. Some limitations of this instrument include a slight drift throughout nightly observations of about 0.5 pixels over 10 hours. This drift occurs mostly during the first half of the night and is likely due to thermal changes in the double-prism system as temperatures rise and fall. This has been accounted for by interpolating values between hourly calibrations. Steps in the data reduction described by Wang et al. (2003) include:
(1) extracting spectra from raw CCD frames; (2) applying deblazing and wavelength standardization; (3) applying heliocentric RV-corrections, but no telluric corrections were attempted. To achieve high-accuracy RV measurements with the echelle spectrograph, a Thorium-Argon (Th-Ar) exposure was automatically obtained after every science exposure as part of the built-in calibration procedure. The 9 km/s velocity resolution translates to a spectral precision of 0.15Å at 5000Å and 0.20Å at 6500Å. Overall, ARCES has been proven to be a stable, reliable instrument that has many uses in astronomical observations. Similarly, TripleSpec (Wilson et al. 2004 ) is a near-IR spectrometer built for the ARC 3.5 meter telescope at Apache Point Observatory 2 . Spectral coverage ranges between 0.95 and 2.46 microns, with 2.1 spectral pixel resolution of 3500 with the 1.1 arcsec slit. Triplespec has no internal calibration sources and relies on bright sky lines for wavelength calibrations. The TripleSpec instrument includes a data extraction routine called TripleSpecTool, which is a modified version of the Spextool package developed by Michael Cushing (Cushing, Vacca & Rayner 2004) . The package coverts TripleSpec images into one-dimensional calibrated spectra corrected for telluric absorptions using a method developed by Vacca, Cushing & Rayner (2003) . Data reduction proceeds through a number of steps including: (1) Importing raw fits files from TripleSpec images, (2) generating a flat field from observations of Bright Quartz lamps for wavelength calibrations, (3) flux-calibrating, removing intrinsic stellar features, and removing telluric absorption lines. More information about the TripleSpec instrument and the associated data reduction process can be found in the papers cited above.
ARCES and TripleSpec observations of epsilon Aurigae are listed in Table 1 , including date and Reduced Julian Date plus an estimate of the signal to noise ratio (SNR) based on continuum signal statistics as described below.. Observations of epsilon Aurigae were obtained with ARCES beginning in 2009 Feb 16 (RJD 54878, where RJD = JD -2,400,000) and continuing every few nights, through 2011 Dec 10 (RJD 55905). These span key times during the eclipse cycle, including ingress (2009 Aug 15, RJD 55060), second contact (2010 Feb 15, RJD 55250), mid-eclipse (2010 July 30, RJD 55400), third contact (2011 March 15, RJD 55620) and end of eclipse (2011 Aug 30, RJD 55800).
DATA ANALYSIS
Each spectrum obtained from the ARCES instrument was analyzed using a software tool called VOSpec. VOSpec was developed by ESA, for use in analyzing spectra from a variety of data providers, said data having varying wavelength epsilon Aurigae. Certain atomic properties from the online NIST Atomic Spectra Database are given in Table 2 .
High excitation lines of Si II and Fe II
VOSpec was used to calculate equivalent widths as well as wavelength of line intensity minima which were, in turn, used to calculate radial velocities of certain Si II, Fe I, and Fe II spectral lines investigated by Strassmeier et al. (2014) . The equivalent width function of VOSpec works by selecting a wavelength range for a particular line of interest and then applying the equivalent width function. For line velocities, the minimum of each line was manually determined and then a Doppler velocity calculation was performed to deduce the radial velocity. The Si II behavior will be referred to as a Type 1 variation where we see a gradual decrease in radial velocity from +10km/s to -15km/s over a 1200 day period, giving an deceleration of +0.021 km/s/d. The measured equivalent width of 0.57 +/-0.03Å suggests that despite the velocity changes, the integrated line formation regions are largely unchanged with time.
Velocity variations in Fe II 6417 + 6432Å are similar to Si II (Figure 1 ) with the exception of a large, negative spike at third contact (RJD 55600), during which a secondary profile component was present. The equivalent widths are essentially unchanged despite the variations in velocity. Additional pairs of high energy lines are the Mg II 4481Å and Fe II 6417/6432Å lines with velocity variations similar to Si II.
In contrast, Hβ shows a lot of variation in velocity and equivalent width ( Figure 2 ). We interpret this as revealing mostly disk rotation combined with F-star orbital motion. This is a Type 2 variation characterized by a velocity decrease from 20 km/s to 50 km/s over a period of 400 days around mid-eclipse, giving a deceleration of 0.075 km/sec/day, or 8.68 x 10 −4 m sec −2 . Figure 3 shows the velocity variations observed in the Fe II 4629.33A line, revealing a complex interplay of several dynamically significant features in the disk. By measuring the progression of each feature appearing and associated with this line (and others), we can trace the following three features: (1) a lower amplitude, sinusoidal variation during eclipse -redshifted to ∼15 km/sec near second contact, then blueshifted to ∼-10 km/sec near third contact; (2) a higher amplitude variation, initially indistinguishable from (1) until after second contact, but then reaching ∼-40 km/sec near third contact, and (3) a dramatic but short lived extreme blue-shifted feature only at third contact, appearing close to -60 km/sec but merging with feature (2) soon thereafter.
We interpret these three features as follows: the upper curve represents the F star orbital motion (amplitude a few km/sec), while the middle curve represents rotation of a disturbed portion of the disk (amplitude tens of km/sec), perhaps related to the extra feature near RJD 55600 -the impact of a mass transfer stream, briefly illuminated by the background F star during third contact. This third feature is the mass transfer stream, discovered by Griffin & Stencel (2013) but not revealed with this degree of detail, prior to ARCES coverage. Velocity curves presented by Strassmeier et al. (2014) drew our attention to these high velocity features, but their temporal coverage was limited by instrument downtime, close to third contact. We posit that the low and high eccentricity lines, as described by Strassmeier et al. (2014) , are defined by variations of type 1 and type 2, respectively, in our nomenclature. Variation of type 3 is the disrupted portion of the disk, caused by stream impact primarily near azimuths around third contact. clear changes due to the passage of the disk. Their radial velocity plots show several lines, identified in Table 2 and discussed below, with extreme blueshifts during third contact times, but with late eclipse coverage gaps in their robotic series. We report two kinds of velocity variation here: those showing disk motion, and those showing disk plus stream motions. First, there are the disk-only set of lines, typically having the lowest excitation potentials (less than 2 eV) and not showing velocities much in excess of -40 km/sec, for example Hβ in Figure 2 . The hydrogen lines are optically thick and sensitive to larger scale phenomena in and around the disk and the F star wind (Mourard et al. 2012) . The second group of lines show the disk motion, plus evidence for an infall stream, close to third contact (RJD 55,600), with velocities around -60 km/sec (see Figure 3) . . We see the disk rotation sine-like curve on the right, as well as another branch, near zero velocity, prominent after mid-eclipse, and we also observe a third contact high velocity component, prominent at RJD 55600. This is a Type 3 variation characterized by the the Type 2 sine variation plus an extra infall stream at RJD 55600-55700 (acceleration = 0.27 km/s/day, or 3.13 x 10 −3 m sec −2 with opposite sign and ten times larger than the H-β value shown in Figure 2 ). The lines represent the Type 1, 2, and 3 velocity variations discussed previously. See text for details
Line Profile Evolution of Selected Lines
In order to better understand the spectral lines that have been shown to have disk absorption during mid-eclipse (Strassmeier et al. 2014) , certain lines (see Table 2 ) were evaluated for changes over time. Some lines showed the formation of doublets around RJD 55399 such as the iron blend line at 5169.1Å and 5169.3Å (Figure 4 ). The line is unshifted until just before first contact where a noticeable redshift begins and peaks around RJD 55200. On RJD 55399, clear doubling has begun in the line which persists and strengthens until after fourth contact. Right before third contact begins, the line begins to show blueshifting that persists all the way through fourth contact. Another line studied in detail was the Fe II line at 4629.33Å, which traces the mass transfer stream the best. Figure A1 (see Appendix A) mostly shows line behavior during third contact as well as the out of eclipse behavior. As can be seen, line tripling persists through most of the third contact with the highest velocity occurring around RJD 55606. By the end of third contact the line is only doubled tracing background star and disk, but losing the contribution from the mass transfer stream. Also of note, is the extreme blueshift that begins to occur around mid-eclipse and peaks through third contact.
The iron line 5110.4Å was also examined in detail because of the third-contact line strengthening observed. As can be seen in Figure A2 , the line is mostly non-existent before and after third-contact, but strengthens significantly during third contact showing strong blueshifted absorption.
In order to illustrate the significant differences over time we have explored differentials between spectra and averages of those spectra, using the principles of singular value decomposition (SVD) and/or principal component analysis (PCA) Figure 4 . The figure on the left shows a multiplot of Fe II 5169Å with dates spanning the whole period of monitoring of the eclipse. As can be seen, Doppler redshift becomes prominent around second contact (RJD 55200) whereas near mid-eclipse (RJD 55480) we begin to see line-doubling and blue-shifting of the central line. The right-most figure shows the results of a first-order principal component analysis on the iron blend where the average was obtained from averaging the first three and last three dates in our data set. The averaged spectrum over all dates is shown for reference at the top of the left-most figure. -see Skumanich & Lopez (2002) and Casini, Bevilacqua & Lopez (2005) .
The principal component analysis was performed by first averaging the wavelengths and intensities of all epochs in our data set, for the case of 5169.3Å, or by only averaging the first three and last three dates in our data sets as in the cases of 4629.33Å and 5110.4Å. Once an average line profile was obtained, a ratio was taken between the average line profile and each individual line profile in our range of dates. These results were plotted against radial velocities of each line with zero velocity being defined as the rest wavelength of the line. The results are shown alongside evolution plots in Figure 4 and Figures A1-A11 in the appendix.
Details of Stream Appearance
The radial velocities over time for certain lines, such as Fe II 4629.33Å, revealed the presence of a mass transfer stream that also shows up in the evolution plot of Fe I 5110.4Å. The appearance during a fairly small window of time near third contact called for a more in-depth look of line evolution during RJD 55500-55800, which helped to reveal substructure within the disc. The three spectral lines studied for this investigation were the same as those presented in the previous section. The two Fe II lines have excitation potentials of approximately 2.8eV and, for the most part, trace the same features in the disc. The more interesting line is Fe I 5110.4Å, which has an excitation potential of 0eV and is only prominent around third-contact. Extended evolution plots as well as complementary PCA plots were done for each line over RJD 55000-55800 ( Figures A3-A11 ) and equivalent widths were calculated for each line for every available date ( Figure 5 ).
Originally, we just wanted to look closer at the dates right around third contact because of the presence of the mass-transfer stream in this window. However, by focusing in on RJD 55600-55700 we were alerted to features in all lines that left us with more questions, so we extended our evolution and PCA plots to include 100 days before RJD 55500 and 100 days after RJD 55800. Each line seemed to show slightly different dates of maximum velocity as well as maximum line strengths. In order to quantify these questions we decided to measure the equivalent widths for each line over the entire data set.
Measuring the equivalent widths of the high-excitation lines showed that both Fe II 4629.33Å and Fe II 5169.1Å have an overall rise and fall in line strength over the course of the eclipse. Each line reaches an absolute minimum at RJD 54956, shortly after data collection began, before steadily rising to a maximum equivalent width before third-contact begins. Fe II 4629Å reaches its maximum equivalent width at RJD 55569, 13 days before Fe II 5169Å reaches its maximum at RJD 55582. These two lines share other common features including several shared local maxima and local minima. Each line reaches a local maximum on RJD 550823, which then falls to a local minimum on RJD 55143 for Fe II 4629Å and RJD 55153 for Fe II 5169Å. They also share another local minimum at RJD 55263 before rising to a maximum at RJD 55293 for Fe II 4629Å and RJD 55296 for Fe II 5169Å. Finally, there is another exact match on RJD 55429 where both lines experience a local minimum. Overall, these lines have the same overall shape and trend with very similar patterns of local maxima and minima that occur on almost the exact same dates with a few slight discrepancies.
Another line, for which equivalent widths have only been calculated around third-contact (due to lack of signal outside this time-frame), is Fe I 5110.4Å, a low excitation line that exhibits a pattern very different from the higher energy lines discussed above. The equivalent width plot shown in Figure 5 shows a minimum around 2nd contact (RJD 55250) before rising to the maximum equivalent width at RJD 55664, which is about 90 days after Fe II 4629Å and Fe II 5169Å reach maximum equivalent width. After this maximum, there is a rapid fall-off in equivalent width with values dropping by ∼95 percent over 112 days. After this drop off the values hover very close to zero for the remainder of the data set.
These timing differences between the roughly 3 eV excitation potential lines and the 0 eV line hints at a substructure in the disk characterized by the temperature gradient of the disk. Another line mentioned by Stencel et al. (2011) was He 10830Å which had a maximum equivalent width of approximately 2Å that occurred around the mideclipse at RJD 55400. Being a line of helium, the corresponding excitation potential is much higher at approximately 20 eV. For this reason the helium would need to be concentrated near the center of the disk to receive the highest energy photons from the companion star. At mid-eclipse the center of the disk is approximately lined up with the background Fstar, which would explain the enhanced absorption for He 10830 at mid-eclipse. Next, we see lines of approximately 3 eV peaking roughly 50 days before the beginning of thirdcontact which reflects the movement of the disk away from the center of the background star. The helium line decreases in equivalent width as the Fe II lines begin to increase in equivalent width. Finally, around third-contact we see the lowest excitation potential line peak in equivalent width enhanced by the background F-star and presumably the mass transfer stream. The overall pattern we are seeing is a peak in equivalent width for the highest energy lines followed in succession by lower and lower excitation potential lines. Future work could focus on extending these findings to more lines and on determining a temperature function to describe the disk.
TripleSpec Observations of He I 10830Å Lines and Pa-β
In addition to the optical spectra obtained by ARCES, described above, a co-mounted near-infrared spectrograph captured data on the same schedule (Table 1) . TripleSpec provides wavelength coverage from 0.95 to 2.46 microns with a spectral resolution of 3500 using the 1.1 arcsec slit. Previously reported changes in the Helium I 10830Å line ) reveal a large increase in absorption equivalent width during mid-eclipse. The more extensive coverage with TripleSpec confirms this behavior and enables study of details of the mid-eclipse, per Figure 7 , including a suggestion of a local minimum near RJD 55475, roughly 1 AU past mid-eclipse. This offset could relate to the position of the disk inner wall. We deduce temperatures and densities from this measurement in a later subsection.
Equally interesting was the appearance, starting after mid-eclipse and especially during third contact, of a P Cygni profile in the Paschen β line at 1.28 microns. The blue-edge velocity is approximately -100 km s −1 , presumably arising from the energetics due to the stream-disk collision.
DISCUSSION
We interpret the three types of velocity variations seen in Figure 3 as follows: the upper curve represents the F star orbital motion (amplitude a few km/sec), while the middle curve represents rotation of a disturbed portion of the disk (amplitude tens of km/sec), perhaps related to the extra feature near RJD 55600 -the impact of a mass transfer stream, briefly illuminated by the F star during third contact. This third feature is the mass transfer stream, discovered by Griffin & Stencel (2013) but not revealed with this degree of detail, prior to this ARCES coverage. Velocity curves presented by Strassmeier et al. (2014) drew our attention to these high velocity features, but their temporal coverage was limited by instrument downtime, close to third contact. We posit that the low and high eccentricity lines as defined by Strassmeier et al. (2014) are defined by variation types 1 and 2, respectively, in our nomenclature. Type 3 is the disrupted portion of the disk, caused by stream impact primarily among azimuths near third contact.
The diversity of line variation types indicate structural elements of the disk system, differing by opacity and/or stream impact effects. Low opacity, high excitation lines like Si II show no eclipse. Hgiher opacity lines trace the disk bulk and its Keplerian rotation. Other low excitation lines of Fe II and K I reveal the stream impact portion of the disturbed disk -refer to line details in Table 1 . Strassmeier et al.reported that highest velocity disk lines show more eccentricity (their Fig.12 ). We interpret the increased velocity dispersion of the absorption-disk lines during egress as being due to a hot (or warm) spot on the trailing section of the disk -consistent with stream/impact and general the ingress-egress asymmetry often reported in the literature for this star.
These sets of velocities define the energetics and must be shown to be consistent with a binary star mass ratio, once that gets determined. Meanwhile, we consider the following estimates: adopting a 6 M B star at the center of the disk, and an outer disk radius of 4AU as defined by the CHARA+MIRC interferometric observations, the Keplerian speed of the outer disk should be 36 km/sec, which is about that seen in type 2 variation. The 60 km/sec represents a terminal velocity of material accelerated toward the B star from a large distance (e.g. the inner Lagrangian point), only ∼6AU distant, using these numbers. The rate of deceleration, -60 to -40 km/sec over a span of ∼50 days, is a result of ballistic infall of material from the inner Lagrangian point and collision with transverse disk material.
Evolutionary Models
In order to better understand and make predictions about the masses and evolutionary future of epsilon Aurigae, a multi-parametric chi-squared minimization study of published evolutionary models was performed, similar to the method described by Mennickent (2014). We compared previously measured quantities, including the temperatures and luminosities of both components as proposed by Hoard, Howell & Stencel (2010) , with those predicted by Van Rensbergen et al. (2011) models of conservative and non-conservative binary star evolutionary models. We were able to seek models that best fit the observed data. Higher initial mass models are required for the F star to reach log luminosity of 4.5 or higher. One interesting model identified in this way was 09strong, with a 20 day initial period. This model features initial masses of 9 and 8.1 solar masses (q=1.11). This model was evolved into a post-mass exchange binary, at step 1088, when t=32.825 Myr and masses have changed to 2.4 and 14.04 solar masses Figure 6 . Time-series intensity maps for two lines that show strong third-contact phenomena. The K 7699 line clearly shows the motion of the disk, while the Fe I 5110.4 line shows evidence of the mass-transfer stream. For a similar figure to the one on the right, refer to Strassmeier et al. (2014) . RJD timing is as presented in Table 1 .
(q=0.17). At that point, one component reached virtually the same luminosity as the originally more massive star (log L = 4.1, Log Te = 3.875). In a separate paper, Gibson & Stencel (2018) use MESA binary models to further explore the evolutionary status of the epsilon Aurigae system.
SHAPE Visualization of Disk and Stream
SHAPE 5.0 is a morpho-kinematic modeling and reconstruction tool used for astrophysical objects (http://www.astrosen.unam.mx/shape/index.html). With SHAPE, users can input any known physical parameters of their objects and can augment single bodies with clouds, disks, and other features. It is also possible to specify chemical abundances as well as emission and absorption lines. Automatically created with each physical model is a velocity-space model, as well as a a graph of the object's velocity curve. Users also have the capability to change the frame through which the object is being viewed, by changing inclination and by rotating the object with respect to the observer. SHAPE is easy and quick to learn, making it an effective tool for modeling and interpreting astrophysical objects. One problem with SHAPE was the tendency for files to be unsaved or deleted in between opening and working with them.
SHAPE was used to interpret and model the mass transfer stream observed during third contact. A small sphere was set in the center of the frame and surrounded by a disk, representing the B star and the accretion disk. The primary F star is set in the background moving past the accretion disk and there are two separate "clouds" representing the observed mass transfer stream (Figure 8 ). The cloud farther out from the disk represents the higher velocity component that is illuminated by the F star first, and then transitions into the slower, closer in cloud as the eclipse ends. The deceleration from -60 km/s to -40 km/s over the projected distance of one F star radius is indicative of a 6 to 8 solar mass central star inside the disk, assuming the disk radius scale derived by Kloppenborg et al. (2015) at the 737 pc distance. The mass function implies an F star mass of 6 solar masses (q=0.78). For the 1 kpc distance, the implied mass inside the disk is 11 solar masses, and for the F star, 12 solar masses (q = 1.1).
One challenging aspect of the stream velocity at third contact is why it only briefly appears between RJD 55600 and 55650, which is only 0.3 percent of the orbital phase. This suggests the higher speed stream closely parallels the edge of the opaque disk. Broadband polarization reported by Kemp et al. (1986) spikes after mid-eclipse and during third contact, which suggests strong forward scattering of light by circum-disk material during those phases.
CLOUDY fitting of the He I 10830 line strength
CLOUDY (Ferland et al. 1998 ) is an internationally used spectral synthesis code designed to simulate conditions in plasmas ( http://www.nublado.org/ ), such as circumstellar and interstellar matter, exposed to a radiation field under a broad range of conditions. CLOUDY also has the ability to predict emission and absorption spectra, which can be compared with the observed data. CLOUDY includes the 30 lightest elements in its calculations and the relative concentrations of these elements can be modified. The ionic and molecular emission data used in CLOUDY comes from the CHIANTI database (Dere, et al. 1997) , the LAMDA database, as well as its own atomic and molecular Database with level energies taken from NIST (Turner et al. 2016 ). For our purposes, CLOUDY was used to interpret the equivalent widths of one of the lines that experienced broadening and strengthening during the eclipse: He 10830Å. To generate equivalent widths from the CLOUDY code, certain parameters had to be specified in order to compute a continuum file that would contain the calculated intensities over our selected range of wavelengths. For the input parameters we varied log temperature and log density, to see their effect on the line strength, while other parameters such as geometry, radius, and chemical abundances were not varied. Temperature was run from 15000K to 30000K with a step size of 2500K, or in log terms, from 4.17 to 4.47. The log of the hydrogen density was varied from 8 to 12 with a step size of 0.5. For our code, we assumed an open geometry with an inner and outer radius set at 1AU and 5AU, respectively. Chemical abundances were assumed to be the same as solar abundances, and CLOUDY uses values provided by Grevesse et al. (2010) . The code was iterated twice and the continuum results were exported to a text file. Equivalent width was plotted as a function of log density and log temperature, as can be seen in Figure 9 . The blue region shows the computed widths in excess of the observed maximum equivalent width of He I 10830Å, 2Å at mid-eclipse .
Adopting a scenario of a disk with a central hole around a hot companion star, the He I 10830Å naturally arises from that source, characterized by the CLOUDY results as fitted by log T = 4.1 to 4.2 and log n ∼ 11 (the falloff on the right hand side of the graph). The density can be compared with results for the outer disk (third contact) obtained by analysis of infrared CO bands, yielding outer disk T exc = 1050 to 1275K and n H ∼ 3 x 10 10 cm −3 (Stencel, Blatherwick & Geballe 2015) . We conclude that the CLOUDY models support the scenario and provide constraints on density and temperature gradients in and around the disk.
CONCLUSIONS

Spectroscopic monitoring of
Aurigae during its recent eclipse, using the Apache Point Observatory ARCES and TripleSpec instruments, has helped resolve detailed substructure in the disk and stream at selected phases. In particular, the amplitude of the disk velocity is better defined, and the appearance and velocity of the stream is more well defined. Variations in the He I 10830Å absorption line strength during mid-eclipse was shown to relate to the inner disk structure. The hydrogen Pa-β line exhibits a P Cygni profile during third contact, suggestive of an expansion region related to a stream impact zone. Having defined special phases around third contact, ideally more targeted observations can be arranged during the next eclipse.
One hope resulting from study of these data is another attempt to determine the distance to the epsilon Aurigae system -much debated in the literature. Recent work by Guinan et al. (2012) claimed to constrain distance estimates to 1.5 ± 0.5 kpc, using correlations between distance measurements to stars in the vicinity of epsilon Aurigae with interstellar absorption and reddening properties. However, that study rests on several assumptions, including uniformity of the interstellar medium (ISM), enforcing strictly linear correlations between distance-sensitive properties, and spectral type calibration uncertainties that factor into their single star MESA models and distance moduli. Distances based on different DIBs disagree with each other, so reliance on a single one also can be highly suspect (Friedman, et al. 2011) . Each of these assumptions contribute to a substantial cumulative uncertainty in their distance estimate. It is instructive to note that several binary stars exist in the Aurigae field. For example, B-type stars are fairly common within a few degrees, and indications are that the epsilon Aurigae primary could have arisen from a B-type main sequence star, and its disk may contain a B-type secondary star. Similarly, epsilon Aurigae has a moderate eccentricity e = 0.227 (Stefanik et al. 2010 ). Two neighbor stars, which also are Guinan et al. (2012) sample stars, turn out to be high eccentricity Bstar binaries. These stars are HD 31894 (e=0.61, estimated stellar mass of 9M) and HD 31617 (e=0.76, estimated primary stellar mass of 9 to 15M). The formation of such binaries represents a challenge to star forming theories. Another neighbor, HD 30353 (A5Iap), was suggested to be a Case C mass transfer binary (Lauterborn 1970) . Collectively, these are clues to binary star evolution in this region of our galaxy. We argue that this may be so, and will continue to explore the implications thereof in future work. The distance moduli for these B star binaries and angular proximity to epsilon Aurigae argue for a distance less than 1 kpc. After the first version of this paper was submitted, the GAIA Data Release 2 included a new parallax for epsilon Aurigae of 2.4 ± 0.5 milli-arcsec, corresponding to a distance estimate of 350 to 525 pc, strongly supporting the lower mass, small mass ratio (q < 1) model (Gibson & Stencel 2018) . Figure 9 . A 3-Dimensional image showing how the equivalent width of He 10830Å varies with density and temperature. Temperatures were run from 15000 K to 30000 K, with a step-size of 2500, and the log of the hydrogen density ranged from 8 to 12 cm −3 , with a step-size of 0.5. The bottom of the blue squares indicate the location of a 2.0Å value for the equivalent width, which was the maximum observed value for He 10830Å. Figure A1 . This figure shows the evolution of the Fe II line at 4629.33Å, during eclipse third-contact when the stream is most noticeable in the spectra. The left-most figure shows the intensity evolution around third contact clearly showing three minima that are representative of the background star, disk, and the mass transfer stream. Seven epochs were chosen to bring out details in the high-velocity, third contact material. The right-most figure shows the results of a first-order principal component analysis on 4629.33Å, during the entire eclipse, where the average was obtained from the first three and last three spectra (out of eclipse phases) in our data set. For reference, the averaged spectrum is at the top of the left-most figure. Figure A2 . Comparison between line evolution and a first-order ratio PCA for the line at 5110.4Å similar to Figures 4 and A1. The average shown at the top of the left-most figure was obtained from averaging the first three and last three spectra in our data set. Figure A3 . First of three epochs of coverage of the evolution and PCA plot for Fe II 4629.33Å over the date range RJD 55500-55600, which spans post mid-eclipse up to the beginnings of third contact. Important to note in the evolution plot is the formation of doublet features (RJD 55551) and the triplet feature (RJD 55597). Figure A4 . Second of three epochs of coverage of the evolution and PCA plot for Fe II 4629.33Å over the date range RJD 55600-55700, which covers all of third-contact. Important to note is the changing line shape over the entire date range. Figure A5 . Third of three epochs of coverage of the evolution and PCA plot for Fe II 4629.33Å over the date range RJD 55700-55800, which covers dates near fourth-contact. Figure A6 . First of three epochs of coverage of the evolution and PCA plot for Fe I 5110.4Å over the date range RJD 55500-55600, which spans post mid-eclipse up to the beginnings of third contact. Figure A7 . Second of three epochs of coverage of the evolution and PCA plot for Fe I 5110.4Å over the date range RJD 55600-55700, which covers all of third-contact. Figure A8 . Third of three epochs of coverage of the evolution and PCA plot for Fe I 5110.4Å over the date range RJD 55700-55800, which covers dates near fourth-contact. Figure A9 . First of three epochs of coverage of the evolution and PCA plot for Fe II 5169.1Å over the date range RJD 55500-55600, which spans post mid-eclipse up to the beginnings of third contact. Figure A10 . Second of three epochs of coverage of the evolution and PCA plot for Fe II 5169.1Å over the date range RJD 55600-55700, which covers all of third-contact. Figure A11 . Third of three epochs of coverage of the evolution and PCA plot for Fe II 5169.1Å over the date range RJD 55700-55800, which covers dates near fourth-contact.
